INTRODUCTION
Nickel is responsible for morphological changes in muscle cells in tissue culture (Bassur & Gilman, 1967) , and for ultrastructural changes in pulmonary alveoli (Hackett & Sunderman, 1968 ) and hepatic parenchymal cells (Hackett & Sunderman, 1969) of rats. Pronounced enlargement of the marine bacterium Arthrobacter marinus occurred during growth with nickel, the effect being proportional to the nickel concentration up to 4 x I O -~ M, the highest in which reproduction occurred (Cobet, W h e n & Jones, 1970). The enlargement process and examination by electron microscopy of these morphological changes are described here.
METHODS
Organism and growth conditions. The stock culture of Arthrobacter marinus (ATCC 25374) was transferred every 6 weeks on marine agar slants (Difco Laboratory, Detroit, Michigan, U.S.A.), incubated at ambient temperature (23" to 27") for 24 h. and then stored at 4" to 6".
Organisms were prepared for microscopy by transferring an 18 h. culture to a medium of the following composition: peptone (Difco), 0.5 g.; yeast extract (Difco), 0.5 g.; ferric ammonium citrate, 0.01 g.; synthetic sea water (Lyman & Fleming, 1940), 750 ml.; distilled water, 250 ml. The final pH was 7.8 to 8.0 after autoclaving at 121' for 15 min. After incubation at ambient temperature for 3 h. on a gyrotory shaker at 300 rev./min. NiCl, was added to 4 x I O -~ M-nickel. Samples were removed I, 2, 3 and 6 h. later and prepared for electron microscopy. night in propylene oxide-epon mixture ( I : I) in an open vial. The epon mixture was prepared from equal volumes of mixture A and B, plus 1-5 ' $& 2,4,6-tri (dimethylaminomethyl) phenol. Mixture A was prepared with 64 ml. epon resin 8 I 2 and TOO ml. dodecenylsuccinic anhydride and mixture B with 100 ml. epon resin 8 I 2 and 89 ml. malic methyl anhydride. The infiltrated agar blocks were transferred to size number o empty gelatin capsules for embedding in the epon mixture. The filled capsules were then placed in a 12 to 13 lb vacuum for 2 h. at ambient temperature. After returning to atmospheric pressure, the agar blocks were arranged in the epon and replaced under vacuum at 60" for 2 days.
Ultra-thin sections were cut with a glass knife in an LKB ultramicrotome. The sections were placed on a 200 or 300 mesh copper grid, stained with uranyl acetate and lead citrate and observed in a Siemann's Elmskop I using the double condenser system, a 200,um. condenser aperture, a 40pm. objective aperture and an accelerating voltage of 80 kV. Electron micrographs were recorded on Eastmen Kodak contrast projector slide plates.
Phase photornicrography. The bacteria, prepared as wet mounts, were observed under phase-contrast in a Zeiss WL optical microscope and photomicrographs were recorded with a Reichert camera attachment using Kodak Tri-X film.
Abbreviations: AS, adhering structure; B, bleb; CW, cell wall; I, intracellular space; M, niesosome; MP, mucopeptide; N, nucleus; PM, plasma membrane; R, ribosomes; Ret, reticulation; S, septum. Scale marker represents 0.5 pm. Fig. I to 8 . Cellular development of Arthrobacter marinus grown in medium containing 4 x I O -~ MNiClz at 25'. At times indicated photomicrographs were prepared from wet mounts using phase contrast. x 2000. Fig. I . Inoculum, 18 h. culture from marine agar slant. Fig. 2 . After 4.5 h. incubation in nutrient medium without added nickel. Fig. 3 . After 0.5 h. incubation in presence of nickel. Fig. 4 . After 1 . 5 h. incubation in presence of nickel. fig. 8 ). Not all the organisms underwent this morphological change, which was presumably a result of continued growth without division.
PLATE I
Thin sections of normal Arthrobacter marinus after 3 h. at 25' in nutrient medium without nickel are illustrated in P1. I, fig. 9 . The nuclear material appeared as fine, evenly dispersed and uniformly sized filaments. The ribosomes were densely packed within the cytoplasm and dispersed at random. The outer membrane was composed of three layers approximately 15 nm. thick, and a double-track plasma membrane approximately 7.5 nm., closely adhering to the cell wall.
Around the periphery were small blebs approximately 0.05 pm. in diam. These structures consisted of a double-track membrane continuous with and originating from the outer membrane (PI. I, fig. IO ), and could not be traced to the plasma membrane. Occasionally they appeared extended, protruding about 0.15 to 0.3 pm., resembling a series of blebs connected in tandem.
After I h. incubation with 4 x I O -~ M-nickel the nuclear material and ribosomes appeared unchanged in consistency and distribution from the normal bacteria. The outer membrane became altered in some areas with a loss of the inner dense layer which changed to a double track cell wall (PI. 2, fig. I I) . No change was noted in the plasma membrane nor in the mesosomes present. The cell shape was irregular with an occasional organism containing an intracellular space (PI. 2, fig. 12 ). The blebs still occurred mainly as individual units with an occasional extended form protruding.
The organisms and intracellular spaces were larger and the organisms more irregular in shape after 2 h. with nickel (Pl. 3, fig. 13 ). The nuclear material and ribosomes remained unchanged in appearance and distribution. The intracellular space resembled that of a plasmolysing organism (Mitchell & Moyle, 1956 ). The plasma membrane did not encircle the space but retracted from the wall, leaving the intracellular space surrounded by plasma membrane on one side and wall on the other. The inner dense layer of the wall was evident in some areas.
After 3 h. incubation little change occurred except that the number of mesosomes, now more evident along the periphery of the cytoplasm, was increased. The remaining inner dense layer of the wall decreased further with the double track outer membrane predominating. The light zone between the double track of the 12 nm. thick wall and the double track of the plasma membrane, 8 nm. thick, increased. The entire envelope measured approximately
In Plates 2 to 5 the cultures were grown in the nutrient medium for 3 h. at ambient temperature, M-nickel and aliquots removed after further incubation for the the culture was brought to 4 x periods indicated. PLATE 2 Fig. I I , 12 . Thin sections of Arthrobacter marinus cells grown in the presence of nickel for I h. 
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35 nm. thick (Pl. 3, fig. 14) as opposed to approximately 25 nm. in the normal organism. The \+all decreased by approximately 3 nm. in thickness as the two double tracks separated f'rom each other. After 6 h. the organisms were greatly plasmolysed with the intracellular space occupying most of the total volume (Pl. 4, fig. 15 ). The nuclear material was found at numerous locations throughout the cytoplasm and retained its fine filamentous structure. The ribosomes were prominent and evenly dispersed throughout the cytoplasm. Vacuoles delineated by a single membrane occurred. The wall was mainly composed of a double-track membrane u.ith only the inner dense layer appearing occasionally where the wall and the plasma PLATE 5 Fine structure of Arthrobacter marinus I93 membrane were in contact. A number of rounded structures, surrounded by a double-track membrane with an internal reticulated structure, appeared adhering to the inside of the wall away from the crescented cytoplasm. These structures may be remnants of the cytoplasm adhering to the wall. The blebs were evident along the entire wall, even in areas where the plasma membrane and wall were not in contact. Fig. 16 , an enlargement of P1. 4, fig. 15 , shows the plasma membrane separated from the wall but remaining in contact with the cytoplasm. Many showed a large degree of reticulation along the periphery of the cytoplasm where the membrane was in contact with the wall. These reticulations were not seen where the cytoplasmic membrane was associated with the intracellular space. In some, the blebs were more numerous and mainly 0.15 to 0.3 pm. long (Pl. 5, fig. 17 ).
D I S C U S S I O N
The large intracellular spaces were maintained by using appropriate osmotic support during fixation and subsequent steps, prior to dehydration and embedding, thus avoiding gross alterations in morphology. When fixed and processed without such osmotic support, the enlarged organisms behave as osmometers, losing their crescent shape and suffering dilution of the cytoplasm or rupture of the plasma membrane with release of cytoplasm into the intracellular space.
Nickel has been placed above magnesium, calcium and manganese in an ' avidity series' based on their reactivity in biological systems (Albert, 1958) . Even though magnesium is the most common metal cofactor for enzymes whose metal requirements have been determined (Vallee, 1960) , in a number of these enzymes other metals, i.e. Mn, Co, Cu, Ni and Zn, are able to replace it in vitro (Starkey, 1955) . Some of these metals simultaneously increase the magnesium requirement for growth, stabilize the cell and prevent leakage of magnesium (Webb, I 966). Adiga, Sastry, Venkatasubramaniam & Sarma (I 96 I) have suggested that zinc and nickel induce a magnesium deficiency, since magnesium was able to reverse the effects of the two metals on growth. A magnesium deficiency produces morphological alteration in both Gram-positive and Gram-negative bacteria with the formation of filaments (Webb, 1949; Brock, 1962) .
Exponentially growing bacteria, under normal conditions, have a high density of ribosomal particles in the cytoplasm (Murray, 1960) and magnesium is important in their stability (McCarthy, 1962) . Bacteria grown under magnesium deficiency contain ribosomes reduced in size and abundance (Morgan, Rosenkranz, Chan & Rose, 1966; Kennell & Kotoulas, 1967) , and the primary effect of magnesium starvation is on the content of functional ribosomes (Marchesi & Kennell, 1967) . The electron micrographs of enlarged Arthrobacter marinus grown with nickel (Pl. 4, fig. 15, 17) show the ribosomes to be normal and evenly distributed through the cytoplasm despite the enlarged size, so there is no indication of magnesium deficiency on the basis of gross ribosomal morphology.
The nuclear material appeared in an increased number of sites within the cytoplasm by the end of the 6 h. growth with nickel. The ultrastructure had not changed from the normal nor did it appear to be diluted as a result of reduced synth.esis.
The genus Arthrobacter is noted for its unusual growth response under routine culture methods (Conn & Dimmick, 1947; Mulder, 1964) . Normal cells change from coccoid in stationary phase to rods in the logarithmic phase. In A. crystallopoietes this is not due to changes in gross chemical composition of the wall but rather to changes in the degree of polymerization of the polysaccharide backbone of the peptidoglycan (Krulwich, Ensign, Tipper & Strominger, 1967a) and to the degree of cross-linking of the peptides (Krulwich I94
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Ensign, Tipper & Strominger, 1967b), both being greater in the rod form. Structural alteration of the outer envelope occurs during growth. The large size and osmotic sensitivity of enlarged A . marinus suggest that the wall components which are responsible for cellular structure are altered.
The mucopeptide layer seemingly confers strength and shape to the wall and is involved in the initial stages of septum formation and division (Steed & Murray, 1966) . The walls in normal logarithmic phase cells of Arthrobacter marinus were multilayered with three dense layers whereas those of the enlarged forms had only two dense layers. The loss of the inner dense layer resembles the 3 nm. mucopeptide layer associated with spheroplast formation ( Murray, I 968) . The measurement and relationship of the two outer dense layers appeared i o be littlelaffected.
Associated with this loss in the mucopeptide layer was an increase in the light zone between the plasma membrane and the wall. The entire envelope increased in thickness from 25 to 35 nm. after 6 h. with nickel. This increase appeared in the light zone and was greater than simply the loss of the 33 nm. mucopeptide layer. The relationship between the loss of the mucopeptide layer and the increase in this zone is unknown; the function of the plasma membrane and structure of the wall appear to be affected by a disruption in this zone ( Murray, I 968) . Eagon, Simmons & Carson (1965) demonstrated divalent cations in the wall of Pseudom n a s aeruginosa. These cations may function in maintaining the integrity of the wall (Asbell & Eagon, 1966) and additionally in either activating or inhibiting enzymes associated with the wall (Murray, 1968) . Nickel may compete with and replace these cations causing a disorganization of the close relationship between various enzymes, which in turn produce less mucopeptide and lead to loss of the dense layer in the wall.
Blebs have been noted on the cell surface of untreated bacteria (Bayer & Anderson, 1965; Wiebe & Chapman, 1968a, b) and increased bleb formation has been associated bith alterations in the wall as a result of the action of polymyxin B (Koike, Iida & Matsuo, 1969) , iysozynie (Miller, Zsigray & Landman, 1967) and growth in suboptimal amounts of lysine by a lysine-requiring mutant (Knox, Vesk & Work, 1966) . The greater the effect the agent had on the wall, the more pronounced the degree of bleb formation. With Arthrobacter marinus, under the stress of nickel, the blebs greatly increased in length and number after 6 h. incubation, when the gross morphology was greatly affected.
Bayer ( I 967) proposed that extrusion of wall in Escherichia coli following osmotic shock \vas the result of cytoplasmic forces on the outer layer of the wall. It seems unlikely that in this study, and in that of Wiebe & Chapman (1968a, b) , that bleb formation was due to an osmotic artefact of preparation because iso-osmotic solutions were used during the preparative process. The origin of the blebs cannot be traced to the contour of the protoplasmic membrane; they appear to be derived from the outer layers of the double track in the wall.
Bleb formation on the wall may result from unbalanced wall growth (Knox et al. 1966) . In normal logarithmic Arthrobacter marinus the blebs may be associated with a slight disorganization in the wall-synthesizing mechanisms. The increased bleb formation in the nickel induced megalomorph may reflect a greater disruption of wall synthesis shown by a loss of the inner dense layer and an increase in the space between the wall and the cytoplasmic membrane.
The bacteria were still capable of forming mesosomes when grown with nickel; after 3 h. there were more mesosomes along the periphery. The reticulation in the cytoplasm of the 6 h. -4rthrobacter marinus may be the result of an accumulation of mesosomes in the cytop l a m in contact with the wall.
Fine structure of Arthrobacter marinus I95 The plasmolysed appearance may be due to the filling of the intracellular space by large molecular weight compounds produced by the cell rather than true plasmolysis. This material would have to be large enough not to diffuse through the wall and may be a wall constituent. This material may result from a disruption of the plasma membrane-wall relationship, or from an alteration in the polymerizing-depolymerizing enzyme interaction associated with wall production. The accumulated material would fill the intracellular space and produce pressures on the wall to maintain the spherical shape. The material is not electron-dense as it is not evident on the electron micrographs.
